We theoretically investigate the broadband isolated attosecond generation in a two-color multicycle laser pulse. It is shown that quantum path selection can be realized and then a sub-100-as isolated attosecond pulse is straightforwardly obtained. By adding an UV attosecond pulse to the synthesized two-color field, the continuous harmonic yield is significantly enhanced by 2 orders and the bandwidth is further broadened, which is beneficial to the efficient generation of a sub-100-as isolated attosecond pulse.
INTRODUCTION
The appearance and development of attosecond science enabled the control and measurement of ultrafast dynamic processes with unprecedented resolution. An isolated attosecond pulse is an important tool for studying the electrons inside atoms, such as inner-shell electronic relaxation and ionization by optical tunnelling [1] . Highorder harmonic generation (HHG) enables the production of radiation on an attosecond time scale. The mechanism of HHG can be explained well by the three-step model [2] : the electron first tunnels through the barrier formed by the Coulomb potential and the laser field, then it oscillates in the laser field, and finally, it may return to the ground state by recombining with the parent ion. During the recombination, a photon with energy equal to the ionization potential plus the kinetic energy of the recombining electron is emitted. It has been theoretically and experimentally investigated that an attosecond pulse train with a periodicity of half the optical cycle is generated from HHG, and every pulse in the train contains two peaks originating from the short and long quantum paths [3] . The quantum path selection has been achieved macroscopically and in a single-atom response. Macroscopically, the short path can be selected by carefully adjusting the phase-matching condition [4] or spatial filtering [5] . In the single-atom response, the quantum path selection can be realized by using a two-color field [6] [7] [8] [9] or an attosecond pulse train [10] [11] [12] . Since an isolated pulse is more useful in a pump-probe experiment, much effort has been expended to extract an isolated attosecond pulse from the pulse train [1, [13] [14] [15] [16] . If the driving pulse is a few-cycle pulse, the emission time of the highest harmonics is confined within half an optical cycle where the laser field reaches its maximum, which leads to a supercontinuum at the cutoff. The supercontinuum can be filtered out to produce an isolated attosecond pulse. However, the requirement for the driving pulse is rather stringent: a few-cycle pulse with a stabilized carrier-envelope phase is required, which can only be achieved with a state-of-theart laser system. Therefore, much attention has been focused on producing an isolated attosecond pulse with a multicycle laser pulse. It is shown that HHG sensitively depends on the ellipticity of the laser pulse. If the ellipticity of the driving pulse changes from circular to linear and back to circular, then the harmonics can only emit in the central portion of the pulse, and an isolated pulse can be generated with a multicycle pulse. Recently, it has been proposed that an isolated attosecond pulse can be produced in the multicycle-driver regime by adding a second-harmonic field [17] [18] [19] .
The typical bandwidth of such an attosecond pulse is less than 20 eV, and the shortest duration is approximately 250 as. To further broaden the bandwidth of the continuous harmonic and shorten the pulse duration, one should enlarge the difference between the highest and the second-highest half-cycle photon energies, and a driving pulse containing nearly one optical cycle is needed, which has been achieved recently by Cavalieri et al. [20] . In their experiment, a sub-4-fs pulse containing only a 1.5 optical cycle pulse has been successfully generated, and the bandwidth of the continuous harmonics has been broadened to approximately 40 eV, which can support sub-100-as isolated pulse generation. But such a driving pulse is still a big challenge for current laser technology, and other approaches to broadening the bandwidth of the continuous harmonics are desired. It has been theoretically demonstrated that a broadband supercontinuum can be generated by using a few-cycle laser pulse with the polarization-gating technique [15] . This scheme has been experimentally achieved by Sansone et al. [16] . In their experiment, an isolated single-cycle pulse with duration of 130 as was obtained after compensating the harmonic chirp. Recently, it has been theoretically investigated that a broadband supercontinuum can be generated by superimposing a second harmonic onto the few-cycle laser pulse [21, 22] . For the case of adding a subharmonic control field, the duration of the driving pulse can even be doubled, which enables the generation of a broadband supercontinuum in the multicycle regime [21] .
The efficiency of the attosecond pulse is also important in the attosecond pump-probe experiment. However, the efficient generation of a broadband isolated attosecond pulse still remains a challenge. It has been reported by Lan et al. [23] that an efficient broadband attosecond pulse can be produced by adding an attosecond UV pulse to a few-cycle laser field, but for a multicycle pulse the bandwidth of the continuous harmonics is limited [24] . Currently, a multicycle laser system is much easier to achieve in experiment. For the method of broadband supercontinuum generation in the two-color regime, the continuous harmonics originate from the electron ionized in the half-cycle with the second-strongest electric peak. Since the amplitude of the second-strongest peak is much lower than that of the strongest peak, the ionization rate of the electron ionized in this half-cycle is lower, which leads to the much lower harmonic efficiency of the supercontinuum. The low efficiency of the generated broadband attosecond pulse will also limit its application. In this paper, we propose a new method for generating broadband continuous harmonics by superimposing a subharmonic field onto a multicycle driving pulse. It is shown that quantum path selection can be realized and then a sub-100-as isolated attosecond pulse is straightforwardly obtained. By applying an UV attosecond pulse as a trigger pulse to significantly enhance the electron wave packet production of the short trajectory contributing to the continuous harmonics, the continuous harmonics with the intensity comparable with the lower harmonics are observed, which leads to efficient sub-100-as isolated attosecond pulse generation.
RESULT AND DISCUSSION
To clearly understand the physical picture of broadband supercontinuum generation in the two-color multicycle regime, we first investigate the HHG process by the semiclassical three-step model [2] . In our simulation, the twocolor multicycle pulse is synthesized by a 10 fs, 800 nm driving pulse and a 20 fs, 1400 nm control pulse. The intensities of the driving pulse and the control pulse are chosen to be 3 ϫ 10 14 and 6 ϫ 10 13 W/cm 2 , respectively. Then the intensity of the control pulse is 10% of the driving pulse. The model atom is chosen to be helium, and its ionization energy for the ground state is 24.6 eV. The electric field of the synthesized two-color laser pulse is expressed by E͑t͒ = f 0 ͑t͒E 0 cos͑ 0 t + ͒ + f 1 ͑t͒E 1 cos͑ 1 t͒. Here E 0 and E 1 are the amplitudes and 0 and 1 are the frequencies of the driving and the control pulse, respectively. f 0 ͑t͒ = exp͓−2 ln͑2͒t 2 / ͑ 0 ͒ 2 ͔ and f 1 ͑t͒ = exp͓−2 ln͑2͒t 2 / ͑ 1 ͒ 2 ͔ present the profiles of the two pulses, and 0 = 10 fs and 1 = 20 fs are the pulse durations at full width at halfmaximum (FWHM). is the relative phase and is chosen to be 0.13 to generate the broadest supercontinuum.
Note that the carrier-envelope phases of the two pulses are both fixed to zero and the relative phase can be realized by a piezoelectric transducer delay stage [25] . Figure 1 illustrates the electron dynamics of the HHG process in the two-color multicycle pulse. Figure 1(a) shows the dependence of the kinetic energy E k on the ionization (dots) and recombination times (crosses). Figure 1(b) shows the electric field of the synthesized two-color pulse (dashed curve) and the tunnel ionization rate calculated by the Ammosov-Delone-Krainov model (filled curve) [26] . As shown in Fig. 1(a) , the highest return-energy pulse that the ionization potential reaches is 185 eV, whereas the second-highest return-energy pulse that the ionization potential reaches is 120 eV, which leads to a broadband supercontinuum with a bandwidth of 65 eV in the harmonic spectrum, corresponding to an isolated attosecond pulse with a duration of approximately 60 as in the Fourier-transform limit. For the continuous harmonics, each harmonic contains two classes of ionization and recombination times: the one with earlier ionization but later recombination times is called the long trajectory, and the one with later ionization but earlier recombination times is called the short trajectory. The interference of the long and the short trajectories will lead to a coherent structure of the supercontinuum. In our simulation, the intensity of the laser pulse is much lower than the saturation intensity of the helium atom. According to the three-step model, the harmonic efficiency is mainly determined by the first step, i.e., the ionization rate. As shown in Fig. 1(b) , the electrons for the short trajectory are ionized near the peak of the electric field, whereas those for the long trajectory are ionized near the half peak of the electric field; thus the ionization rate for the short trajectory is higher than that for the long trajectory. In addition, the electrons for the long trajectory experience a longer time in the continuous state, which leads to a lower harmonic efficiency due to the quantum diffusion. Therefore, the harmonic efficiency for the short trajectory is much higher than that for the long trajectory, and the spectrum of the continuous harmonics is smoother. This scheme has been reported in the few-cycle regime recently [22] .
In the following, we investigate the harmonic and the attosecond generation by numerically solving the timedependent Schrödinger equation to confirm the results above. The calculation detail has been described in [23] and the references therein. Figure 2(a) shows the harmonic spectrum in the synthesized field of a 10 fs driving pulse and a subharmonic control pulse (thick curve). The parameters are the same as those in Fig. 1 . For comparison, the harmonic spectrum in a 10 fs one-color laser pulse alone with the intensity of the sum of the driving pulse and the control pulse is also presented (thin curve). For the one-color case, the spectrum cutoff is at only approximately 94 eV, whereas that for the two-color case is significantly expanded to 185 eV. One can clearly see that in the harmonic spectrum for the two-color case two plateaus exist: the first cutoff is at approximately 120 eV and the second cutoff is at approximately 185 eV, and the harmonics in the second plateau are almost continuous. The intensity of the second plateau is approximately 2 or 3 orders lower than that of the first plateau. This can be easily understood in Fig. 1(b) : the electrons corresponding to the continuous harmonics are mainly ionized from 9.5 to 9.6 T, and the ionization rate of these electrons is much lower than that of those electrons ionized near the highest peak of the electric field, which form the peak with the second-highest return energy in the next halfcycle. A deeper insight is obtained by investigating the emission time of the harmonics for the case in terms of the time-frequency analysis method [27] , as shown in Fig.  2(b) . The maximum harmonic order for the central peak is 120 0 ͑185 eV͒, and that for the two adjacent peaks is approximately 78 0 ͑120 eV͒. In the central peak, the harmonic intensity of the short path [marked in Fig. 1(b) ] is higher than that of the long path, but still much lower than that of the peak in the next half-cycle. All these results are consistent with those calculated by the threestep model shown in Fig. 1 .
Furthermore, we investigate isolated attosecond pulse generation in the synthesized field of a 10 fs driving pulse and a subharmonic control pulse. Figure 3 shows the temporal profile of the attosecond pulse by superposing the 85th-115th harmonics in the second plateau. The bandwidth of the selected harmonics is approximately 46 eV, corresponding to an isolated attosecond pulse with a duration of approximately 75, as in the Fourier-transform limit. As shown in this figure, an isolated pulse with a duration of 90 as at full width at half-maximum is obtained. Note that a satellite pulse with an energy 3 or 4 times lower than the main pulse is also observed.
The efficiency of the continuous harmonics is low owing to the intrinsic property of the two-color method discussed Fig. 1 . Fig. 3 . Temporal profile of the isolated attosecond pulse in a synthesized two-color field. The harmonics from the 85th to the 115th are selected. Other parameters are the same as in Fig. 1. in the previous paragraph, which limits the application of the generated single attosecond pulse. We propose an efficient method to significantly enhance the harmonic efficiency of the continuous harmonics by adding an UV trigger pulse onto the synthesized field. Note that the rapid development of HHG has made available a single UV pulse with an intensity of approximately 1 ϫ 10 14 W/cm 2 , which is a powerful tool for controling the electron wave packet in the ultrafast process. Figure 4(a) illustrates the scheme of our method. The parameters of the synthesized laser pulse are the same as those in Figs. 1-3 : an attosecond UV trigger pulse with a wavelength of 100 nm, an intensity of 5 ϫ 10 13 W/cm 2 , and a duration of 500 as is synthesized at t = 9.53T 0 . Due to the high photon energy and the extremely short pulse duration of the UV pulse, the production time and properties of the electron wave packet can be manipulated. Then, the electron wave packet for R1, which contributes to the continuous harmonics in the second plateau (see Fig. 2 ) can be efficiently produced in this case; therefore, the harmonic and the attosecond pulse yields will be significantly enhanced. To verify this scheme, quantum simulation is performed. Figure 4 (b) shows the evolution of the ionization probability in the combination of the synthesized two-color field and the UV attosecond trigger pulse. One can clearly see that the ionization probability steeply increases near t = 9.53T 0 and varies slightly at other times. This indicates that the ionization rate of the electrons for R1 significantly increases, leading to the efficient yields of the broadband continuous harmonics. Figure 5 (a) shows the harmonic spectrum in the combination of the synthesized two-color laser pulse and the UV attosecond trigger pulse (thick curve). The harmonic spectrum in the synthesized two-color pulse alone is also presented for comparison (thin curve). As shown in this figure, the intensity of the broadband supercontinuum is greatly enhanced by 2 or 3 orders and is comparable with that of the lower irregular harmonics. In addition, the bandwidth of the continuous harmonics is further broadened to 75 eV, corresponding to an isolated attosecond pulse with a duration of approximately 45 as in the Fourier transform limit. The time-frequency distribution is presented to further understand the harmonic spectrum, which is shown in Fig. 5(b) . For the harmonics originated from R1, there are still two emission times for the same harmonic in the half-cycle of the driving pulse, which corresponds to the short and long trajectories. But it is clear that the yields of the harmonics for the short trajectory are rather efficient, leading to the single plateau structure of the harmonic spectrum. In addition, the spectrum of the continuous harmonics becomes smoother. Note that the leading edge of the attosecond trigger pulse also enhances the continuous harmonic yields corresponding to the long trajectory to a certain extent, and then the interference of the short and long trajectories leads to a modulation structure in the spectrum.
The efficient sub-100-as attosecond pulse generation in the combination of a multicycle synthesized field and an attosecond UV pulse is investigated. By superposing the 85th-115th harmonics in the continuous region, an attosecond pulse with a duration of 85 as is straightforwardly obtained, which is shown in Fig. 6 . The energy of this pulse is 2 orders higher than that generated in the synthesized pulse alone (shown in Fig. 3 ). There is another satellite postpulse with an energy of approximately 15% of the main pulse, which originates from the long trajectory. In the experiment, it has been demonstrated that the short trajectory can be macroscopically selected by carefully adjusting the position of the laser focus with respect to the gas jet [4] . Alternatively, the long trajectory can also be eliminated by spacial filtering due to its spatially divergent radiation [5] . Then, with this technique, efficient broadband attosecond pulse generation with a high signal-to-noise ratio can be realized.
CONCLUSION
In conclusion, we have proposed what we believe to be a new method for producing a broadband isolated attosecond pulse in the multicycle regime. A multicycle two-color field synthesized by a 10 fs, 800 nm driving pulse and a 20 fs, 1400 nm control pulse is adopted to produce continuous harmonics with the bandwidth of 65 eV. In addition, the path selection is also achieved. By adding an attosecond trigger pulse to significantly manipulate electron wave packet production, the harmonic yields of the short trajectory for the continuous harmonics is greatly enhanced, and the bandwidth is further broadened to 75 eV. Then an efficient sub-100-as isolated attosecond pulse is straightforwardly obtained. By compensating the intrinsic harmonic chirp with proper media, the pulse duration can even be pushed to 45 as. This fascinating tool can help the scientist go deep into studying and controlling the ultrafast processes inside atoms.
